Numerical study on the first stage of the high-pressure casing in an industrial synthesis gas (syngas) compressor is presented here. Detailed flow field comparisons are made between impeller/stage models. The stage model is composed of impeller, vaneless diffuser, bend and return channel, while the impeller model is composed only with impeller and vaneless diffuser. Compared to the results from stage model, the impeller model results indicate that the predicted aerodynamic performance is higher, and operating range is wider in both stall and choke side. Under the same inlet volume flow rate, the blade pressure coefficients, Mach number and flow angle in the blade passage for both models are nearly the same, suggesting that the flow field data in the rotating impeller is to some degree credible for stage performance prediction. However, as the impeller model neglects the matching effect with the downstream stationary parts, there needs some correction for stage working range with stable operation. Besides, the internal flow fields of stage using air and syngas mediums are compared respectively. Results indicate that the aerodynamic performance and operation range are different for both mediums because of different density and gas constant. For the flow field of the whole stage, large discrepancy occurs in the leading edge of the return channel under the same inlet volume flow rate. It suggests that the existing air model stage couldn't be directly used for the syngas compressor and needs redesigning.
Nomenclature

Introduction
Centrifugal compressor is widely used as key equipment for manufacturing synthetic ammonia and methanol plant. Based on the pressure ratio, the syngas compressor may consist of three or two casings, or one casing. This group of compressors is characterized by low molecular weight leading to: multi-stage structure, low stage pressure ratio. Depending on various chemical process demands, the synthesis gas, mainly consisting of hydrogen, is usually compressed by multistage syngas compressor(suction pressure: 7 to 28bar) to a discharge pressure of 50 to 130bar (1) .
During the validation process of the compressor design, CFD method is widely used in the optimization of turbo-machinery design of different components and configurations. Generally speaking, there are two kinds of computational models for the validation process. One is the stage model composed of impeller, diffuser, return bend and return channel, and the other model, defined as impeller model here, is only composed of impeller and diffuser. It is well known that the flow pattern in the impeller is affected by the downstream diffuser and return channel. In order to get an accurate prediction for the stage performance, the whole stage parts should be studied simultaneously. However, as many designers have a thorough understanding of the flow details in the diffuser and return channel, they just compute the impeller model to speed up the design process. The matching diffuser and return channel are subsequently designed with experience parameter based on the flow field obtained in the impeller. Though the above impeller model method is commonly used in the compressor design community, we have found no public literature listing the difference between the impeller and stage based design method, especially under high pressure condition.
As the syngas compressors are usually operated under dozens or hundreds of atmosphere pressure, the working mediums can't be simply treated as ideal gas. An accurate prediction of medium physical property is a prerequisite for design of the syngas compressor with high efficiency and wide operation range. In general, the syngas consisted chiefly of hydrogen, and other constituent including methane, nitrogen, ammonia, argon and so on. The molecular weight of syngas is usually around 7～10g/mol, about one third of that of air medium. However, at present most manufacturers design the syngas compressor according to performance of air-model stage that is obtained experimentally under normal pressure range (1-2atm) . So in principle, the performance is only appropriate for working fluids whose physical properties are similar to air medium. With regard to the medium whose physical property is quite different from air, just as the syngas medium studied here, there would be large deviation in performance prediction if the similar design method is simply adopted. Sometimes the deviation is too large to stand and thus stage redesigning is needed.
In the present paper, previous two problems, i.e. the difference between the impeller model and stage model, and discrepancy between the air and syngas medium for stage performance prediction, are studied on the first stage of a high pressure casing in a syngas compressor. The syngas compressor is designed by optimum velocity distribution method firstly proposed by Gu (2) when studying the optimal shape of the diffuser. It is an optimization control method for diffuser design based on modern optimal control theory and boundary layer theory. The main idea is to control the surface velocity distribution, guarantee the maximum pressure rise and ensure that there is no flow separation. With development of the design method, it has been extended to each component design of compressor stage including impeller and return channel. The optimization procedure is realized through solving the ODE system simplified from NS equations. For respective component, the optimization model is different. The whole process includes selection of loss coefficient, determination of well posed boundary condition, setup of a mathematical optimization model, solving the equation, and revision of experience parameter based on experimental data (3)(4) .
Literatures Review
To the author's knowledge, few literatures are positively related to above problems. Most attention on the industrial large-scale compressors is paid to inverse design method and new optimization strategy (5) - (9) . Some of the related papers are associated with real gas thermodynamic properties. Wang (10) compared three gas models on aerodynamic performance of centrifugal refrigeration compressor and came to conclusion that the real gas effects should be considered and the reasonably approximate thermodynamic properties based on the analytical gas equation of state, should be applied to the CFD code for accurate prediction of fluid flow structure. Considering the performance prediction deviation of large chemical industry compressor from perfect and real gas, Ran (11) made a computation program for physical property prediction of multi-component mediums used in the petrochemical industry. The program can be integrated conveniently with the aerodynamic design process of compressors with real multi-component mediums. Zheng (12) firstly discussed the effect of different thermodynamic properties of Helium and air on compressor design, and then gave improvement for the aerodynamic design of a helium compressor used in a 300MWe nuclear gas turbine.
Design Point Descriptions
The syngas compressor unit studied in the paper is a 17 (8+8+1) stage synthesis ammonia compressor consisting of two casings with a rotation speed of 11900rpm and an absolute outlet pressure of 13MPa. The design mass flow rate is 8.278kg/s. Each stage of the compressor is coupled with CFD flow analysis and a multi-stage matching method. Through processing, manufacturing, commissioning and on-site performance testing, the compressor has fully met the customers' requirement on efficiency, pressure ratio, operation range and other performance indexes. Fig. 1 The syngas medium is composed of hydrogen, nitrogen and methane. The mole composition of each constituent is given in Table 1 . Average molecular weight of the syngas is 8.374, about 1/3 of that of air.
Tab. 2 Geometry for the first stage of HP casing
Focus of this paper is the first stage of the HP (high pressure) casing in the syngas compressor. Table 2 lists the geometry parameters of the first stage consisting of a shrouded 3D-impeller, vaneless diffuser, bend and return channel. The first stage of HP casing is designed with a flow coefficient of 0.01 and the tip machine Mach number is about 0.36. For the current study, only a single passage configuration has been simulated considering the unbearable mesh size of complete geometry. This is an economical method of computing the stage overall performance.
Grid and Numerical Strategy
NUMERICAL IMPLEMENTATION
The commercial software package FINE TM Turbo v.87 from NUMECA International is used for solving the N-S equation. The N-S equations are discretized with a cell-centered finite volume scheme. The space discretization adopts a central difference scheme. Time integration is a four step Runge-Kutta algorithm. Local time step, residual smoothing and W-cycle multi-grid techniques are applied for convergence acceleration.
With the computation accuracy and cost taken into account at the same time, the high Reynolds number k-ε turbulence model with extended wall function is chosen for the closure of the equations (13) . This turbulence model is selected because it is widely used in industry and could typically predict the onset of stall. However, it generally over-predicts turbomachinery performance parameters such as the pressure ratio and efficiency (14) .
MIXING PLANE METHOD
A mixing plane method originally proposed by Denton and Singh (15) is adopted for coupling the rotating impeller with the downstream stationary return channel to get a steady solution. This requires a pitch averaged process to be performed at the so called rotor stator (R/S) interfaces. The flow solution at the R/S interface is azimuthally averaged and the exchange of flow information at the interface depended on the local direction of the flow. This mixing plane technique provides an exact conservation of mass flow, momentum and energy through the interface. As a vane-less diffuser is used here for wide range of stable operation, the R/S surface is located at the diffuser outlet where the effect of impeller jet-wake flow pattern could be neglected.
GRID GENERATION
Under the 7.2MPa inlet pressure, the density of working fluid is high (about 20kg/m 3 for syngas at design point pressure) under inlet pressure, so the kinetic viscosity ν is extremely small, about 4.3e-7m 2 /s for the incoming flow (under atmosphere pressure ν is about 4.3e-5m 2 /s). To meet the requirement of the turbulence model, the first layer cell size Y wall is very small according to the estimation with a truncated series solution of Blasius equation defined as formula (1).
Where C ref is average inlet velocity. L ref is an estimation of boundary thickness which is approximated as the distance between upstream hub and shroud (13) .
Tab. In Numeca-AutoGrid TM , the wall cell width is given as 0.8µm for structured hexahedron grid generation. The row1 for the impeller grid employs default O4H topology and the row2 for the return channel uses HOH topology for high quality grid generation. Z constant line is located at the return bend for improving global grid quality and avoiding grid overlapping. Total grid nodes number of the first stage is about 3,355,471. The computed results shows that the y + values for the wall-adjacent grid points are in the range of 11-25 for syngas and 20-55 for air. The generated grid quality and details are given in Table 3 and Fig. 2 respectively. A separate grid dependence test has been performed for the syngas stage computation at the design point. Numerical test is carried out by using successively refined grids with 0.9, 1.78, 2.6, 3.35 and 4.33 million mesh points. Table 4 shows the variation of mass flow rate, pressure ratio and efficiency with the mesh number. It can be found that the numerical simulation has got a mesh independence solution with 3.35 million grid points. In the following sections, all the analyses are based on the results with 3.35 million grid points.
Tab 
.4 PHYSICAL PROPERTY OF THE SYNGAS
As already mentioned previously, almost all the gases handled by syngas compressors are characterized by a prominent real gas behavior. This means that real gas parameters have to be introduced to assure a reliable numerical simulation and flow analysis. The formula given in Tong (16) is adopted for physical property calculation of mixed gas under high pressure. The maximum error of thermodynamics properties prediction is about 2.5% (16) . To be brief and to the point, the formulae for thermal conductivity coefficient, viscosity and specific heat at constant pressure are given as follows:
Where λ i is thermal conductivity coefficient, y i is mole fraction, and M i is molecular weight of each individual gas. 
Where η m is dynamic viscosity for mixed medium, φ ij is binding factor for mixtures
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composition i and j.
Where C pm is specific heat at constant pressure for mixed gas under high pressure condition.
△C p is the pressure correction term. ω i is eccentric factor for mixed gas. 
BOUNDARY CONDITION
The numerical simulation was performed for a single stage passage with periodic boundary conditions. The flow direction, total temperature and total pressure as shown in Table 5 were specified as inlet boundary conditions. The turbulence boundary conditions were imposed with turbulence intensity of 5% and an eddy-viscosity ratio of 50. Then the value for k and ε were calculated as 3 and 30000 respectively. An exit average static pressure boundary condition was used for points towards choking point, and an outlet mass flow rate was specified for conditions approaching the stall side.
Tab. 
Choice of stage or impeller model
The impeller/stage model previously mentioned in §1 is illustrated in Fig.3 . The full stage model is composed of impeller, diffuser, return bend and return channel, and the impeller model is only composed of impeller and diffuser. The geometric difference between the impeller and stage models is the domain from diffuser outlet to return channel outlet. Fig.4 is the overall performance curve for both models. The inlet volume flow rate is non-dimension-normalized by Q design . Dashed lines represent the efficiency and solid lines represent the static pressure ratio. The point with circle symbol is the operating performance of the onsite compressor. The operating performance is the indirectly derived performance from experimentally measured temperature ratio of each stage and operating performance of the high pressure casing (totally 8 stages). It can be found from Fig.4 that the numerical results and operating performance agrees well. The numerical results can be further used to study the internal flow fields of the syngas compressor. The discrepancy between the numerical and operating performance can be due to the combining effects of turbulence model and gas thermodynamic properties (16) . Turbulence model is always of great importance for compressor performance prediction and remain a source of computational error for many industrial applications (17) - (18) . The high-Re k-ε turbulence model coupled with extended wall function was adopted in our paper (13) . As for the dependence of the solution on turbulence model, a comprehensive assessment had been made by Lakshminarayana (19) on the computation of turbomachinery flows using k-ε turbulence model. The operation point with least flow rate (stall point) in the paper is defined as the computing working point whose mass flow is minimal and meanwhile the simulation converged. If the outlet mass flow reduced by 1% of the designed mass-flow from the stall point, the simulation would diverge. 2) The trend of pressure ratio and efficiency curve as shown in Fig.4 for the two models is similar. With the loss in stationary components, the average isentropic efficiency for stage model is about 8 percent points lower than impeller model. From the attitude of 1-D flow analysis, here we take the flow loss into account and give an estimation of efficiency loss at the design point. Pressure loss from diffuser outlet to return channel outlet could be calculated as:
Q/Q design
Where, based on the Bernoulli equation and flow loss computation, ζ is the resistance coefficient, including on-way friction loss (major loss) and local pressure loss (minor loss). v is defined as the root mean square of return-channel inlet and outlet velocity.
Thus:
Substituting equation (6) into (8) and rearranging, we could obtain:
Where R g is gas constant. (Specifically in the paper, T out =292K, T in =277K, v=75.1m/s, R g =960J/kg·K). From formula (9), the resistance coefficient is calculated as 0.41, which is relatively small in multistage compressor design (20) . As a whole, under the same inlet volume flow rate, the three comparisons indicate that the discrepancy of flow field in impeller passage between impeller/stage models is small. The flow field in impeller passage obtained from the impeller model is to some degree credible compared to stage flow field around the design point. For designers it is a practical plan to shorten devising cost by adopting simpler impeller geometry other than stage. It is crucial for designers to design an excellent impeller in order to get a stage with high efficiency. However, as the impeller model neglects the matching effect with the downstream stationary parts, the predicted range for stable operation needed to be corrected if directly used for stage design. This is especially important under high pressure condition. 2) To know the improvement criteria if the air model stage is directly used for syngas stage design.
Shroud
Performance comparisons of air and syngas medium
Tab. 6 represents the stage performance of two mediums. The followings conclusion could be found in the figure. As the density for air is about 3 times of syngas medium, more power is needed for air medium at the same inlet volume flow, leading to more pressure energy and increasing the pressure ratio. This also gives rise to smaller outlet volume flow, as listed in Table 6 . Thus it is not difficult to interpret the fact that air medium comes into stall earlier than syngas. As for the choke side, the lighter syngas medium has larger gas constant, which is related to larger sound speed. It becomes more difficult for the internal flow field of syngas to reach Ma=1. That is why syngas extends further on the choke side. To be more concrete, the working range for syngas and air is [0.54, 1.6] and [0.74, 1.3], respectively.
Generally speaking the blade is more sensitive to the flow incidence (AOA) when the flow is more compressible, thus the flow range would be reduced. A typical way to compare different medium(rpm and other flow conditions) is to compare the Mach number, as shown in Fig.7 , where the choke side Mach number is given at Q/Q design =1.3. Obviously the Mach number of air medium is much higher than syngas. Maximum Mach number is located at throat position near the leading edge. Fig.8 shows the flow field on 50% spanwise position for the diffuser and return channel. The velocity distribution shown in Fig. 8(a) in the diffuser for air is obviously higher than syngas medium. As shown in Fig. 8(b) , flow field runs smoothly for the syngas medium, while a recirculation zone is formed on the back arc profile of the return channel for air medium. The detailed aerodynamic parameters and circulation zone scale at Q/Q design =1 for both mediums are listed in Table 7 . The AOA and velocity at the impeller leading edge are quite similar because of the same inlet volume flow rate. With the development of flow field, the discrepancies of the aerodynamic parameters for the two mediums become greater and greater. At the trailing edge of the impeller, W 2 for air was about 20m/s smaller than syngas. The flow angle at the diffuser inlet was increased by 6° for syngas compared to air, which leaded to an earlier stall for air-medium stage. When the flow reached the return channel, incoming air gas formes a positive AOA and reduces the through-flow area, while the syngas forms a negative AOA and increases the through-flow area. The recirculation zone for air is about 0.6 length of the return channel and 0.8 width of pitch distance. In contrast, no flow separation is detected for syngas medium. Based on previous discussions, if the air model stage is directly used for the syngas compressor, larger impeller outlet width b 2 was required for the syngas compressor to guarantee the same flow range. Besides, more stages are needed to achieve the same pressure ratio.
Conclusions
1) The impeller model is compared to the stage model with a purpose to determine if a full stage simulation is necessary or not. Results show that the operation range of impeller model is wider than stage model in both stall and choke side. There exist small discrepancies in best efficiency point. Under the same inlet volume flow rate, the flow field in impeller passage is almost the same between the two models. The downstream stationary components show small effect on the aerodynamic parameters in the blade passage. This suggests that in order to design one or multiple stage compressors with good aerodynamic performance, it is crucial firstly to design a single impeller with high efficiency. The impeller component plays a vital role in the stage design. However, as the impeller model neglects the matching effect with the downstream parts, some correction is needed for stage operation range. This is especially important under higher pressure conditions.
2) Under the high pressure condition, the thermodynamic properties of air and syngas are quite different, resulting in distinct stage performance. As the density is higher, the stage performances of air medium are narrower than syngas on stall and choke side. In the stall side, the reason is due to higher pressure ratio of air medium and in the choke side, it is due to the high gas constant of air medium. Under the same inlet volume flow rate, the flow field becomes more and more different with the development of the flow. Thus, the existing air model stage couldn't be directly used for syngas compressor with similar design method and needs redesigning.
